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In the process of mapping indoor radon risk, an important step is to deﬁne geological units well-
correlated with indoor radon. The present paper examines this question for the Walloon region of
Belgium, using a database of more than 18,000 indoor radon measurements. With a few exceptions like
the Carboniferous (to be divided into Tournaisian, Visean and Namurian-Westphalian) and the Tertiary
(in which all Series may be treated together), the Series/Epoch stratigraphic level is found to be the most
appropriate geological unit to classify the radon risk. A further division according to the geological massif
or region is necessary to deﬁne units with a reasonable uniformity of the radon risk. In particular,
Paleozoic series from Cambrian to Devonian show strong differences between different massifs. Local
hot-spots are also observed in the Brabant massif. Finally, 35 geological units are deﬁned according to
their radon risk, 6 of which still present a clear weak homogeneity. In the case of 4 of these units
(Jurassic, Middle Devonian of Condroz and of Fagne-Famenne, Ordovician of the Stavelot massif) ho-
mogeneity is moderate, but the data are strongly inhomogeneous for Visean in Condroz and in the
Brabant massif. The 35 geological units are used in an ANOVA analysis, to evaluate the part of indoor
radon variability which can be attributed to geology. The result (15.4e17.7%) agrees with the values
observed in the UK.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Indoor radon is recognised as one of the major indoor pollut-
ants, the second cause of lung cancer (WHO, 2009). The presence of
radon in the indoor atmosphere is highly variable from one house
to the other, and it must be considered as a random variable to be
studied with statistical tools. Kemski et al. (2009) point out two
factor groups known to predispose houses to elevated indoor radon
levels. They consist of (1) the territorial situation characterized by
regional geology, geomorphology and soil type, and (2) the
regionally collocated building and housing conditions. The multi-
variate analysis conducted on a large number of data in the United
Kingdom (Appleton and Miles, 2010), showed that more than 50%
of the variance of indoor radon concentrations cannot be related to
the variability of known factors. Only two factors were found to beu, giorgiacinelli@gmail.com
Ltd. This is an open access article ustrongly correlated with radon: the geological context and the
geographical localisation. Altogether, the factors related to the
building accounted for not more than 10%.
This result shows that radon risk mapping should be an essen-
tial component of information on the radon risk conveyed to the
authorities and the general public. It also justiﬁes the mapping
methodology adopted in the UK, considering separately each
geological unit, and mapping the variations of the risk indicator
within each unit (Miles and Appleton, 2005). The same approach
was followed in a previous work for the Walloon region of Belgium
(Cinelli et al., 2010).
The deﬁnition of the considered geological units is obviously an
essential step in this methodology. The goal of the geological di-
vision is to clearly display in the radon risk map the borders be-
tween adjacent areas with signiﬁcantly different levels of risk. But
there is also a clear advantage not to distinguish between geological
units having similar levels of risk, in order to improve statistics and
to simplify the map. We previously used units deﬁned purely by
their Age/Stage, or sometimes their Period/System when their
outcropping extent is limited. The present work will re-examinender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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nous for the radon risk, suggesting a further division on a
geographical basis, but also the possibility of grouping several
Stages.
2. Materials and methods
2.1. Radon risk indicator
Existing radon maps look very different in many aspects: in
terms of the displayed variable, the spatial resolution, the type of
interpolation (or not), and the selection of levels displayed for the
variables (Dubois and Bossew, 2006; Dubois, 2005). Some Euro-
pean countries built maps based on measured indoor radon
levels, giving estimates of the mean radon levels in buildings by
area, or the predicted percentage of buildings above a chosen
reference level as Denmark (Andersen et al., 2001), Italy
(Bochicchio et al., 2005), Belgium (Cinelli et al., 2010) and UK
(Miles and Appleton, 2005). Other countries instead used indirect
indicators of indoor radon to derive maps of radon prone areas
based on soil properties and measurements as Germany (Kemski
et al., 2009), Czech Republic (Miksova and Barnet, 2002), Spain
(García-Tavalera et al., 2013; Quindos et al., 2008) and France
(Demoury et al., 2013). The indicators include parameters such as
concentration of radium or radon in the ground, and soil
permeability.
Belgian radon risk maps use as the risk indicator the percentage
of houses above the reference level used in the country (presently
400 Bq/m3), predicted from ground ﬂoor measurements (Cinelli
et al., 2010). However, the goal of the present work is not to pro-
duce a revised risk map, but to compare the radon risk levels
associated to different geological units. For simplicity, we shall
rather use the geometrical mean radon concentration (GM) as the
quantity representative of the risk. As shown in Cinelli et al. (2009),
long-term and short-term data can be mixed for the calculation of
the GM.
Affected areas, deﬁned as areas where more than 1% of dwell-
ings bypass the reference level of 400 Bq/m3, typically show a GM
higher than 67 Bq/m3 (Gerardy and Tondeur, 2002). If the new EC
reference level of 300 Bq/m3 (EC, 2013) is applied in this deﬁnition,
a threshold GMz 50 Bq/m3must be considered. As the geometrical
standard deviation is very roughly constant, the accuracy of the GM
is basically determined by the number of data. Assuming
GSD z 2.2, the accuracy of the GM is roughly 1s < 20% for the
subgroups with >20 data, 1s < 10% for >70 data and 1s < 5% for
>260 data.
Throughout this paper, the GM will be expressed in Bq/m3. For
simplicity, this unit will often be omitted in the tables and in the
discussion.
2.2. Indoor radon database
We use two databases of indoor radon measurements coming
from the south of Belgium, the Walloon region. The two data sets
used have been collected by the Federal Agency for Nuclear Control
(FANC-AFCN) on the one hand and by the Institut Superieur
Industriel de Bruxelles (ISIB) on the other hand. The ISIB data, about
5092, are short-term (ST) measurements collected in houses with
charcoal canisters exposed during 3e4 days in every season except
summer; radon is measured in equilibrium with its short-lived
progeny by gamma-spectrometry with NaI(Tl) detector. Only
ground ﬂoor data will be analysed hereafter. The FANC data, about
13,680, are long-term (LT) indoor radon data collected using track-
etch detectors exposed during 3 months on ground ﬂoor level
mostly during spring or autumn.The area of the region is 16,844 km2, and the average sampling
density is thus slightly above 1 data/km2.
For each house for which a radon measurement is available, the
database includes the geographical coordinates (Belgian Lambert
system 1972), the radon concentration on the ground ﬂoor, and the
local geological unit determined with the digital geological map
(GSB). This map is known as the “old” map, being more than one
century old. A new geological map is under development (GSW)
but not yet fully available. The new map was only used till now to
correct the geological unit in case of anomalies (e.g. high radon
level on a presumably low-risk unit).
Loess, a quaternary aeolian deposit, is considered as a separate
unit, which is not the case in the old geological map, where loess is
presented as a local cover above the underlying geological unit,
with no indication of the limits of loess covered areas. However,
loess plays a special role in the indoor radon pollution (Tondeur
et al., 1996), which justiﬁes that it is considered separately.
The radon hazard of a geological unit is determined by its
composition, structure, permeability, formation, deformation and
tectonic history, and local cover or position. Due to their strong
variation in space, not all of this information is available from
geological maps, and it is clear that treating radon data as homo-
geneous populations over deﬁned geological units derived from
geological maps is only a generalising approach taking into account
only part (and not always the same) of these determining param-
eters. For these reasons, parameters such as lithology and structure
are not included in the database, but treated as being relatively
homogeneous (with respect to radon risk) on the scale of the
deﬁned geological unit (GU).
2.3. Geological units used in the previous work
Table 1 recalls the list of geological units used in (Cinelli et al.,
2010).
A very signiﬁcant geographical variability of the radon risk was
observed within several geological units, indicating that they are
not homogeneous groups, but with only little effect on risk map-
ping. For example, Cambrian includes data from the Stavelot massif
(high radon risk) and from the Rocroi massif (rather low risk) but
they do not interfere in the mapping process because of the dis-
tance between the two massifs.
However, there is a strong interest in deﬁning more homoge-
nous units, for “fundamental” reasons (e.g. study of log-normality,
or study of the correlation between indoor radon and several risk
indicators like gamma background (García-Tavalera et al., 2013),
soil radon (Barnet et al., 2008), radiogeochemical data (Drolet et al.,
2013, 2014) …) as well as for very practical reasons (e.g. commu-
nication about affected areas). Such homogeneous units could also
be used as a basis of a geogenic radon map which is under devel-
opment at European level (Gruber et al., 2013). This map aims to
display a quantity closer to geogenic hazard, i.e. which measures
“what earth delivers” in term of radon irrespective of anthropo-
genic factors and temporally constant over a geological timescale.
2.4. Methodology for building more homogenous units
The process of building the new geological units (GU) includes a
ﬁrst step of subdivision, followed by a step of fusion of contiguous
similar units.
The initial units are divided according to the province (Hainaut,
Brabant, Namur, Liege, Luxembourg), and according to the roughly
SeN division in geographical regions (Gaume, Ardenne region,
Fagne-Famenne, Condroz, Haine-Sambre-Meuse, middle Belgium),
with a complementary zone (NE of the province of Liege, ‘Herve’).
The “Haut-Pays” in the South of Borinage was ﬁrst considered
Table 1
Geological units used in a previous work (Cinelli et al., 2010).
Unit Stratigraphy Stratigraphic level Remark
Alluvia Holocene Epoch/Series
Loess Pleistocene Epoch/Series
Oligocene-Neogene Epoch/Series Grouped due to the relatively homogenous composition
Paleocene-Eocene Epoch/Series Grouped due to the relatively homogenous composition
Cretaceous Period/System
Trias-Jurassic Period/System Grouped due to relatively limited extend
Permian Period/System
Westphalian Bashkirian/Moskovian Age/Stage
Namurian Serpukhovian/Bashkirian Age/Stage
Visean Age/Stage
Tournaisian Age/Stage
Famennian Age/Stage
Frasnian Age/Stage
Givetian Age/Stage
Couvinian Eifelian Age/Stage
Emsian Age/Stage
Siegenian Lochkovian/Praguian Age/Stage
Gedinian Lochkovian Age/Stage
Silurian Period/System No indication of age or epoch in the old map
Ordovician Period/System No indication of age or epoch in the old map
Salmian Lower-Middle Ordovician Epoch/Series
Revinian Upper Cambrian
Series3/Furongian
Epoch/Series
Devillian Lower-Middle Cambrian
Terreneuvian/Series 2
Epoch/Series
F. Tondeur et al. / Journal of Environmental Radioactivity 136 (2014) 140e151142separately, but ﬁnally grouped with Condroz. These regions are
indicated in Fig. 1. There is of course a strong link between
geographical regions and geology:
B Gaume is deﬁned as the Mesozoic (Triassic þ Jurassic) area,
B The Ardenne region is deﬁned as the Lower Devonian Ardenne
massif, including also the Cambrian Rocroi and Stavelot massifs.Fig. 1. Provinces (bold) and geographic zones (italics) used for the classiﬁcation of the geo
geneous type of landscape or morphology. Provinces and geographic zones are used to subB A large fraction of middle Belgium corresponds to the Palaeozoic
Brabant massif, overlain by a Mesozoic and Cenozoic sedimen-
tary cover on most of its surface, old rocks only outcropping in
several valleys.
The subgroups obtained in this way are analysed from the point
of view of the radon risk. Contiguous subgroups of similar ages
(same Period) and similar risk level are merged into a geologicallogical units. The geographic zones (grey shading) correspond to areas with a homo-
divide the geological units.
F. Tondeur et al. / Journal of Environmental Radioactivity 136 (2014) 140e151 143unit. In a few cases, local hot spots are observed, and will be
considered as separate GUs. A code of three letters is deﬁned for
each of the ﬁnal GUs, for use in future work.
Our methodology differs from the one applied by other groups
active in geological radon risk mapping (Miles and Appleton, 2005;
Bossew et al., 2008), not only by the fact that the available
geological information differs from one country to the other, but
also becausewe take the radon data into account when deﬁning the
GUs, with the hope to improve the adequacy of the chosen
geological classiﬁcation for radon risk mapping.
3. Results
3.1. Cambrian
The Cambrian outcrops (Fig. 2) in three massifs: Brabant (North),
Rocroi (South-West) and Stavelot (East). Two islands (South) have
nearly no population. It consists of metamorphic vulcano-Fig. 2. Schematic map of Cambria, Ordovician, Silurian, Lower Devonian, Middle Devonian, U
Cretaceous and Tertiary areas (black) in the Walloon region.sedimentary deposits ranging from ﬁne-grained (shale and black
shale) to sandy (quartzite) with variable organic content. These
lithological variations and the different tectonic contexts explain the
differences in radon risk between the different zones (Table 2).
Speciﬁc for the Lower Paleozoic sequences (Cambrian, Ordovician
and Silurian) is their strong deformation both generally (folds and
double foliation) and local (mineralisation, faults and fracture zones).
3.1.1. Brabant massif
Devillian (including the Jodoigne formation), and Revinian are
considered separately in Brabant because of the strong difference
in the radon risk. Devillian is generally not an affected area, but
cases of high radon concentration are observed (up to 5800 Bq/
m3) in Mont St Guibert (MSG) and Court St Etienne (CSE). This
anomaly might be related to the thrust sheet which exists in this
area, the Lower-Middle Cambrian overlapping Upper Cambrian
which is a formation with high radon risk (Tondeur et al., 2001).
MSG/CSE are not far from the thrust faults, thus the depth ofpper Devonian, Tournaisian, Visean, Namurian-Westphalian, Permian, Triassic, Jurassic,
Table 2
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Cambrian.
Prevailing
lithology/geology
N data G Mean
Devillian (lower-middle Cambrian)
of Brabant
271 57
Senne basin (A) Quartzite 79 46
Gette basin (B) Quartzite 45 51
Dyle basin Quartzite 147 67
Dyle except MSG þ CSE (C) 68 50
CCM: Dyle CSE þ MSG Tectonic boundary 79 87
CLM: (A) þ (B) þ (C) 192 48
Revinian (Upper Cambrian) of
Brabant CUB
Black shale 292 118
Cambrian of the Stavelot massif CST 514 131
Devillian Coloured shale and
quartzite
68 113
Revinian Dark shale 444 134
P.Liege (*) 459 134
P.Luxembourg 54 113
Cambrian of the Rocroi massif CRO 42 65
Devillian Quartzite and slate 16 59
Revinian shale 26 69
P.Hainaut 18 73
P.Namur 24 59
(*) “P.” Means “Province of”
Table 3
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Ordovician.
Prevailing lithology/geology N data G mean
Ordovician Brabant massif 190 86
P.Hainaut Magmatic/shale 10 59
P.Namur-Liege Shale/quartzite 26 57
P.W.Brabant (*) 156 94
Senne basin Shale/quartzite 53 59
Dyle basin ODY Shale/quartzite 101 123
Brabant massif except
Dyle OBR
Magmatic/shale/quartzite 87 59
Ordovican of Condroz OCO shale 81 52
P.Liege 28 57
P.Namur 53 50
Ordovician e Stavelot
massif OST
Shale/quartzite/schist 812 122
P.Liege 518 106
P.Luxembourg 270 157
North branch 314 101
East Branch 38 111
South branch Higher metamorphic grade 460 141
(*) “W.” means “Walloon”
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the local seismic area (ROB). We deﬁne a small unit CCM corre-
sponding to this anomaly, whereas all other areas of Devillian in
Brabant form the unit CLM which show lower GM values and a
rather good uniformity.
As for Revinian, it deﬁnes the small unit CUB early recognised as
a strongly affected area.
3.1.2. Stavelot massif
In the Stavelot massif, there is no strong contrast between
Devillian and Revinian and between the provinces, and a single GU
(CST) can be deﬁned.
3.1.3. Rocroi massif
In the Rocroi massif too (CRO), a rather good homogeneity is
found between Devillian and Revinian, and between provinces, but
with a much lower GM than in the Stavelot massif.
3.2. Ordovician
Ordovician is found as a discontinuous line in the Southern part
of the Brabant massif, as a more or less continuous strip on the
North border of Condroz, and as the external part of the Stavelot
massif (Fig. 2). These three GUs show very different levels of radon
risk (Table 3). The rocks consist of volcano-sedimentary sequences
with variable tectonic and metamorphic characteristics.
3.2.1. Brabant massif
There is a clear difference in the Brabant massif between the
radon risk in the Dyle basin and in the other areas, so we are led to
separate them in two GUs, ODY and OBR. The higher risk in ODY is
surprising: the high values are mainly found on three formations
(Chevlipont, Tribotte, Ittre), the last two of which are also present in
the Senne basin and in the Namur province, without generating
similar problems. The remark can bemade that this anomaly on the
Ordovician shares with the MSG/CSE anomaly of Middle Cambrian
the proximity of the same seismic fault.3.2.2. North of Condroz
This long narrow strip goes across two provinces on the North
border of Condroz. The level of radon risk seems rather uniform in
this unit (OCO), similar to OBR. The rocks in this area are generally
of lower metamorphic grade than in the other ‘Ordovician’ areas.
3.2.3. Stavelot massif
This area is strongly faulted and various parts of the deformed
terrains show a distinct metamorphic grade and lithology. The unit
OST has globally the proﬁle of a strongly affected area. The map
given in Fig. 2 suggests three distinct branches: North, South and
East, but neither the N branch nor the S branch can be considered
homogenous. The radon risk seems higher in the Luxembourg part,
but the communes with the highest GM are in both provinces as
well as communes with a GM close to the average, the risk being
lower in the northern branch.
3.2.4. Possible grouping between Ordovician and Upper Cambrian
Where Ordovician is geographically connected in conformity
with Upper Cambrian, they show similar levels of radon risk:
- Brabant massif (Dyle basin): CUB has GM ¼ 118 and ODY has
GM ¼ 123,
- Stavelot massif: CST has GM ¼ 131, while OST has GM ¼ 122.
On the contrary, in the Senne basin (Brabant massif), Upper
Cambrian is missing and Ordovician (GM ¼ 59) is found directly
over Devillian (GM ¼ 46), which has a lower risk level.
3.3. Silurian
Silurian outcrops discontinuously in the South of the Brabant
massif, and in a short strip North of Condroz (Fig. 2). Silurian
rocks are similar to the Ordovician, although they can differ in
metamorphic grade from one place to another. Though limited in
extension, Silurian shows contrasted levels of radon risk
(Table 4).
3.3.1. The archipelago of the north
A series of Silurian “islands” of the Brabant massif (unit SBR)
show a low radon risk, but a much higher GM is found for the
Table 5
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Lower Devonian.
Prevailing lithology N data G mean
Lower Devonian of Ardenne DLA Shale, slate, sandstone 5720 143
P.Liege 1243 145
P.Luxembourg 3965 142
P.Namur 512 140
Lochkovian (Gedinnian) Conglomerate,
sandstone, shale
1283 150
Lochkovian/Pragian (Siegenian) Greywacke, shale
and slate
4094 134
Emsian Red shale 343 134
Lower Devonian north of the
Rocroi massif DLR
Mainly sandstone
and red shale
126 99
P.Hainaut 82 97
P.Namur 44 102
Lochkovian (Gedinnian) Red shale 58 103
Lochkovian/Pragian (Siegenian) Sandstone, shale 48 88
Emsian Red shale and
sandstone
20 112
Lower Devonian of Condroz DLC Shale, sandstone 217 57
P.Liege 48 63
P.Namur 72 51
P.Hainaut 97 59
Lochkovian (Gedinnian) Sandstone, some shale 11 52
Lochkovian/Pragian (Siegenian) Sandstone and shale 89 53
Emsian Red shale and
sandstone
117 62
Lower Devonian e NW of the
Stavelot massif e DLS
Shale, sandstone 270 98
P.Liege 151 101
P.Luxembourg 119 94
Lochkovian (Gedinnian) Mainly sandstone, shale 68 98
Lochkovian/Pragian (Siegenian) Mainly sandstone 141 90
Emsian Red shale and
conglomerate
61 120
Table 4
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Silurian.
Prevailing lithology/geology N data G mean
Silurian of the Brabant massif Dark shale 133 53
P.Hainaut 58 43
P.Brabant 11 31
P.Namur except Mehaigne 34 42
All except Mehaigne SBR 103 41
Mehaigne hot spot SME Higher metamorphic grade 30 123
Silurian of Condroz SCO (calcareous) shale, magmatic 32 85
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which must be considered as a distinct GU (SME). Like for the CCM
and ODYanomalies, it is not clear why the local formations generate
a high risk, whereas the same formations are not associated with a
high radon risk in SBR. A possible reason could be the higher
metamorphic grade in the Mehaigne area (Debacker et al., 2005).
Fracture permeability and mineralisation could be the reason for
this relation.
3.3.2. North of Condroz
The Silurian strip SCO shows a moderately high value of the GM,
intermediate between the two other Silurian GUs.
3.3.3. Proximity between Silurian and Ordovician
The geographical patterns of Ordovician and Silurian are similar
in the Brabant massif and in Condroz. They however present many
differences from the point of view of the radon risk:
- They both have a hot spot in the Brabant massif (ODY and SME),
but not in the same basin,
- In the other parts of the Brabant massif, Ordovician OBR has a
higher risk (GM ¼ 59) than Silurian SBR (GM ¼ 41),
- In Condroz, Silurian SCO has a higher risk (GM ¼ 85) than
Ordovician OCO (GM ¼ 52).
3.4. Lower Devonian
Lower Devonian is the main geological unit of the Ardenne
massif (South-East). It is also present as the Northern border of the
Rocroi massif (South-West), and as a long strip North of Condroz,
connected to the East to two branches forming the North and East
border of the Stavelot massif (Fig. 2). Table 5 shows the variability of
the radon risk on Lower Devonian. The GUs of Devonian and
younger age have a different deformation history from the older
series.
3.4.1. Ardenne massif
This GU (DLA) is the one with the best sampling in the database.
It extends over three provinces, with a remarkable homogeneity at
this scale. There is not much difference on the average between the
GMs of the different stages, as taken from the old geologic map
(Gedinnian, Siegenian, and Emsian). Hence it is fully justiﬁed to
group all the Lower Devonian.
3.4.2. Rocroi massif
In the Lower Devonian strip DLR of the Rocroi massif, the GM is
lower than in Ardenne. The shale has a lower content of organic
matter. Sandstone series are more abundant than in the Ardenne
massif. In this subgroup, there seems to be less homogeneity be-
tween the three stages, but the result for Emsian is not really
conclusive because the small number of data.3.4.3. North of Condroz
The radon risk looks rather uniform over more than 140 km in
this long strip DLC, and much lower than in the three other GUs of
the Lower Devonian. The rocks are dominated by sandstone and red
shale. There is not much difference in the GM for the different
stages, Emsian being a bit higher. In Fosse-la-Ville, DLC is in contact
with SCO, but not in conformity. They also have rather different
values for the GM.
3.4.4. West and North of the Stavelot massif
The limit of this unit (DLS) with DLA is somewhat arbitrary,
being taken for simplicity as the administrative limit of Rendeux.
There is no big difference between the provinces for the GM. As for
the three ages of Lower Devonian, the situation is quite similar to
DLR.
3.5. Middle Devonian
The Middle Devonian (Fig. 2) comprises Eifelian and Givetian
series. TheMiddle Devonianmost often appears as elongated strips,
sometimes as isolated spots. A ﬁrst strip DMF goes on the southern
border of Fagne-Famenne (¼ northern border of Ardenne). There it
connects to the second strip DMC which comes from the West, on
the northern border of Condroz, and goes East to the German
border. A line of spots DMB is scattered on the South of the Brabant
massif.
These three groups are a possible way to deﬁne geological units.
However, with the possible exception of the northern strip DMB,
the two other GUs seem quite inhomogeneous, with the GM
varying from 48 to 103 and no clear pattern for another division
Table 7
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Upper Devonian.
Prevailing lithology N data G mean
Upper Devonian : Fagne-famenne
DUF
303 57
P.Hainaut 57 64
P.Namur 163 54
P.Liege 14 63
P.Luxembourg 69 60
Frasnian Limestone, marlstone 184 59
Famennian Calcarous shale and
some sandstone
119 56
Upper Devonian Condroz
þ P.Liege NE DUC
348 69
P.Hainaut 17 63
P.Namur 204 70
P.Liege NE 127 68
Frasnian Shale 59 75
Famennian Sandstone, shale 289 68
Upper Devonian Condroz
P.Liege DUL
153 93
Frasnian Limestone 34 85
Famennian Shale 119 95
Upper Devonian: Brabant
Massif DUB
109 46
P.Hainaut 32 48
P.Namur 62 45
P.Liege 15 44
Frasnian Limestone/dolomite 75 43
Famennian Sandstone, shale 34 53
F. Tondeur et al. / Journal of Environmental Radioactivity 136 (2014) 140e151146(Table 6). There is almost no difference between Eifelian and
Givetian (DMB is only Givetian).
In many places, DMF is above of DLA in conformity, but with a
much lower GM, whereas DMC, often above DLC, has a higher GM.
There is thus no argument to group Lower-and Middle Devonian.
3.6. Upper Devonian
The Upper Devonian, comprising Frasnian and Famennian rocks,
is the core of the Fagne-Famenne region (unit DUF), and is also
present in Condroz (DUC and DUL), where its strips alternate with
those of Dinantian (Fig. 2). The limit between these two contiguous
regions was set here at the transition between Upper and Lower
Famennian, when going towards the South from the last Dinantian
area. Upper Devonian of Condroz is continued in the North-Eastern
part of the province of Liege. A discontinuous line goes on the South
of the Brabant massif (unit DUB).
The units DUF and DUB appear to be quite homogeneous for the
radon GM (Table 7), but a signiﬁcant difference appears in Condroz
between the main part DUC, which includes the provinces of Hai-
naut and Namur, as well as the NE strip, and the rest of the province
of Liege (DUL), treated as separate subgroups.
There is no big difference between Frasnian and Famennian,
despite the different lithology.
3.6.1. Possible grouping between middle- and upper-Devonian
In the South of the Brabant massif, similar levels of radon risk
are observed on DMB (GM ¼ 48) and DUB (GM ¼ 46). The two GUs
could thus be grouped. The same is valid North of Condroz, with
DMC (GM ¼ 69) and DUC (GM ¼ 69), but not with DUL. As for
Fagne-Famenne, DMF (GM ¼ 87) seems quite different from DUF
(GM ¼ 57).
3.7. Tournaisian
Tournaisian most often appear as elongated strips and spots at
the South border of the Brabant massif, at the North border of
Condroz, and within Condroz itself, continuing Eastwards to the
German border (Fig. 2). It seems to be rather homogeneous for
radon (Table 8), and will be treated as a single unit TOU.Table 6
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Middle Devonian.
Prevailing lithology N data G mean
Middle Devonian of the
Brabant massif DMB
49 48
P. Namur Conglomerate and calcareous
shale (marlstone)
38 47
Middle Devonian North
of Condroz DMC
279 69
P.Hainaut 72 55
P.Namur 51 70
P.Liege 156 77
Eifelian Conglomerate, shale,
limestone
132 74
Givetian Limestone, marlstone 170 69
Middle Devonian of
Fagne-Famenne DMF
491 87
P. Hainaut 139 102
P.Namur 67 74
P.Luxembourg 246 80
P.Liege 39 103
Eifelian Shale and limestone 384 85
Givetian Limestone and shale 84 91In Condroz, Tournaisian is often contiguous to Upper Devonian,
which has a similar GM in the provinces of Hainaut and Namur
(DUC), but not in the province of Liege (DUL). Such a similarity of the
radon risk is also not found with DMB, South of the Brabant massif.
3.8. Visean
The geographical distribution of Visean is similar to the one of
Tournaisian, with more extended areas (Fig. 2). The Visean calcar-
eous rocks differ from the Tournaisian in the nature of their for-
mation environment, which in some places (towards the northeast)
shows evidence of evaporite formation (now dissolved and
responsible for the creation of the Visean breccia), and dolomite
formation. Visean is quite different from Tournaisian regarding
radon risk, as it shows a strong variability, with hot spots super-
imposed to a trend towards higher radon risk when going from
West to East (Table 9).
The Visean can be divided into a Northern strip VNO on the
South border of the Brabant massif, continued to the German
border, and a Southern group VCO in Condroz, continued in the
“Theux window”. Both of them are very inhomogeneous.
The Visean owes its name to the city of Vise in the province of
Liege, associated with the discovery of indoor radon in Belgium.Table 8
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Tournaisian.
Prevailing lithology N data G mean
Tournaisian: all TOU Limestone, dolomite, marlstone 308 66
P.Hainaut 123 64
P.Namur 121 63
P.Liege 64 74
South of Brabant massif 167 62
Condroz 141 70
Table 9
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Visean.
Prevailing lithology N data G mean
Visean of Condroz VCO 138 101
P.Hainaut Limestone 17 73
P.Namur W Breccia 40 119
P.Namur E Limestone 60 85
P.Liege Limestone and breccia 20 160
Visean North strip VNO 335 65
P.Hainaut Limestone 237 56
P.Namur Dolomite/breccia 34 75
P.Liege Breccia 64 106
Table 11
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Permian.
Prevailing lithology N data G mean
Permian PER Conglomerate ‘poudingue’ 124 67
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(phosphate and sulphate) salt formations were observed in Upper
Visean (Herbosch et al., 1979). U anomalies in Upper Visean, under
the transition to Namurian-Westphalian, were also observed in the
Western part of the province of Namur (Charlet et al., 1985). It is
possible that the radon-prone areas are related to such anomalies,
and would thus be found where the upper layers of Visean outcrop.
Some U anomalies were discovered by radiometric measurements,
but many of them remain probably hidden for this technique under
a surface cover. The Visean is also characterised by strong karst and
dissolution processes, leading to very localised high permeability
zones allowing fast transport of important volumes of gas and
water. These could contribute to the strong heterogeneity in radon
risk.
With its strong variability of the radon risk, Visean is very
different from the preceding and following stages, and thus cannot
be grouped with them.
3.9. Namurian-Westphalian
The Namurian-Westphalian in Belgium, earlier known as
“Houiller”, is typically composed of (calcareous) shale with coal
measures and intercalated sandstone layers. A relatively thin
sequence (~30m) of radioactive alum shale is present in the middle
of the Namurian Regional Stage (base of the Pennsylvanian, Delmer
et al., 2002). The Namurian-Westphalian forms the core of the
Haine-Sambre-Meuse strip, and continues to the German border
(Fig. 2). It seems to be quite homogeneous (Table 10), and could be
treated as a single GU, except for small “islands” in Condroz,
composed of quartz-rich shale. The somewhat higher GM in the
small spots of Condroz is doubtful, because of the small number of
cases, and because the uncertainties in coordinates could well
assign to Namurian-Westphalian cases from the nearby Visean
which has a higher GM.
There is not much difference between Namurian and West-
phalian, both showing similar lithology.Table 10
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Namurian/Westphalian.
Prevailing lithology N data G mean
Namurian/Westphalian main
group HSM
Shale, coal sandstone 563 52
P.Hainaut 180 46
P.Namur 98 51
P.Liege 285 57
Namurien 177 57
Westphalien 373 50
Namurian/Westphalian of
Condroz HCO
11 743.10. Permian
Permian rocks, present in a small zone (Fig. 2), consist of a ﬂuvial
conglomerate with a carbonate cement sometimes resulting in
karst formation. Previous results showing higher values with short-
term data (Cinelli et al., 2009) were revised by a careful re-
determination of the geological context of each data. The new
GM is given in Table 11.
Permian in Belgium has no geographical connexion with the
preceding and following periods.
3.11. Triassic
Triassic rocks are present in a small zone in the north-eastern
part of Gaume, between Jurassic and Lower Devonian (Fig. 2). All
rocks of Mesozoic and younger age are post-tectonic and hence
much less deformed than the older series. They generally represent
a lower radon hazard than the older rocks. All data except one
represent Upper Triassic. The GM is higher than in the preceding
series (Table 12), but most high radon concentrations are located
close to the contact with the Paleozoic rocks in the north.
3.12. Jurassic
Jurassic sequences compose the major part of Gaume (Fig. 2).
Apart from 6 data, it is from the Lower Jurassic series. The rocks are
composed of undeformed and poorly consolidated sandstone,
marlstone and shale. There is no difference in the radon risk on the
two main stages, Simemurian and Virtonian (¼Pliensbachian), and
not much difference with Hettangian and Toarcian (Table 13).
However, a pattern is clearly seen with a smaller GM in the NE
corner and a higher one in the SW corner. This NE/SW gradient is
observed in the two main stages, but there is no clear limit on
which a further division in two GUs could be settled.
Unlike our previous work (Cinelli et al., 2010), we do not group
Jurassic with Triassic, because of the different levels for the GM.
3.13. Cretaceous
Cretaceous rocks occur from West to East (Fig. 2), consisting
mainly of poorly consolidated chalk and marlstone. All data
except one are on Upper Cretaceous, which is reasonably homo-
geneous for the GM (Table 14), with the exception of the Hockai
island, in the Northern part of the Ardenne massif (maybe
representative of other islands found nearby). In Hockai, the
thickness of the Cretaceous deposit is probably not important,
and an inﬂuence of the underlying Cambrian CST cannot be
excluded. The special cases associated to phosphate chalk with
high U content (Ciply, in the Mons basin, Charlet et al., 1982) have
little impact on the GM.Table 12
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Triassic.
Prevailing lithology N data G mean
Triassic TRI Marlstone/sandstone 58 91
Table 13
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Jurassic.
Prevailing lithology N data G mean
Jurassic JUR Sandstone, marlstone, shale 466 62
Hettangien 20 67
Sinemurian 200 62
Virtonian 216 62
Toarcien 21 55
North East 130 49
Sinemurian 56 54
Virtonian 62 44
South West 167 75
Sinemurian 69 72
Virtonian 85 77
Other 169 62
Sinemurian 75 60
Virtonian 69 65
Table 15
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Tertiary.
Prevailing lithology N data G mean
Tertiary North TNO Sandy and clayey
sediments
1455 47
P.Brabant 866 48
P.Liege 39 46
P.Namur 48 39
P.Hainaut 502 46
Palaeocene 189 54
P.Brabant 28 57
P.Hainaut 160 53
Eocene 1198 47
Lower (Ypresian) 242 47
Middle (Lutetian) 899 45
Upper (Bartonian/Priabonian) 39 61
P.Brabant 838 48
P.Namur 22 51
P.Hainaut 334 43
Oligocene 61 37
P.Liege 34 42
P.Namur 25 31
Neogene 7
South/East of Sambre-Meuse TSE 91 65
P.Hainaut 14 71
P.Namur 36 69
P.Liege 41 60
F. Tondeur et al. / Journal of Environmental Radioactivity 136 (2014) 140e151148Cretaceous is nearly exclusively represented by two ages,
Turonian and Senonian (Campanian), which show nearly no dif-
ference in the GM. At this level of risk, the subsoil is probably not
the dominant risk factor, building materials and external air also
giving signiﬁcant contributions. The low variability of the GM with
the factors related to the subsoil is thus not unexpected.
3.14. Tertiary
All Tertiary (and Quaternary) rocks consist of unconsolidated
sediments (sandandclaywith someamountof carbonate indifferent
ratios). Tertiary is dominantNorth of theSambre-Meuse tract (Fig. 2).
South and East of Sambre-Meuse, it is mainly found as small islands
dated fromOligocene, except a larger island of Eocene at theNWend
of Condroz. From the point of viewof the radon risk, theNorth region
TNO appears geographically homogeneous (Table 15) with a low
radon risk, either because of a low permeability (clay) or because of
low radium content (sand), however with a gradual decrease of the
risk from Palaeocene to Oligocene. Neogene is only present in the
sampling with very few data. The South-East Oligocene has a higher
GM and forms another homogeneous subgroup TSE. The Eocene is-
land NWof Condroz is attached to TNO.
For each of the three series present in the data, there is no big
variability of the GM by province. Only Eocene allows the division
in stages, and there is a good homogeneity between the two main
ones despite their lithological differences: Lutetian is sand, while
Ypresian is partially clay. The higher risk on Upper Eocene is not
very signiﬁcant, with the lower number of data.
We ﬁnally choose not to treat Palaeocene, Eocene and Oligocene
as separate subgroups for radon mapping, because of a similar li-
thology (sand and clay) and an intricate geographical repartition,
and because the low values of the GM imply that the subsoil is not
here the dominant risk factor.Table 14
Lithology, number of data and geometrical mean indoor radon concentration for
various subsets of data attributed to Cretaceous.
Prevailing lithology N data G mean
Cretaceous main group CRE Chalk, marlstone 427 49
Western P.Hainaut 49 48
P.Hainaut: Mons basin 103 51
P.Namur 22 53
P.Liege East of Meuse 176 45
P.Liege þ P.Namur, North of Meuse 75 57
Campanian 301 49
Turonian 108 47
Cretaceous Hockai CHO 23 72Cretaceous CRE (GM ¼ 49) and Tertiary TNO (GM ¼ 47) could be
grouped in a single GU for the radon risk, being geographically close
to each other (but not always in conformity). Extending this group
to Namurian-Westphalian HSM (GM ¼ 52) has less meaning from
the point of view of age, but would still be interesting for a
simpliﬁed map with a big “low-risk” area.
3.15. Quaternary
Quaternary will not be treated here, because of speciﬁc prob-
lems. Quaternary is mostly found either as loess deposits of Pleis-
tocene age, or as valley alluvia of the Holocene.
The extension of loess deposits is not given in the old geolog-
ical map, where the presence of loess is only indicated at the
sampling points. The information available from the new map is
also not complete, either because several foils of the map do not
show the loess deposits, or because the foil of the map is not yet
available. Despite this problem, the database indicates which
houses have a high probability to be built on loess. A preliminary
study based on a small part of the data (Tondeur et al., 1996)
showed that the radon risk is not uniform on loess, despite the
high uniformity of loess itself, a result interpreted by the inﬂuence
of the permeability of the underlying formation on the radon risk.
Unfortunately, the database is not presently organised to re-
examine this question with the much larger number of data
now available.
Alluvia of the valleys are also not homogenous for the radon risk.
They show some correlationwith the risk level of the neighbouring
formations. This could be due to material coming from these for-
mations, but it can also be an effect of the uncertainty of the co-
ordinates of the radon data. In small valleys, this uncertainty can
lead to the erroneous attribution to alluvia of cases which belong to
the neighbouring formation. In a similar situation (small high-risk
GU surrounded by a formation of low risk), the careful control of
the coordinates was very important for understanding of the data.
This control is not yet organised for alluvial areas, therefore it is not
presently possible to make a reliable discussion of the radon risk in
these areas.
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Discarding Permian and Triassic, for which the question of the
homogeneity of the radon risk is not really meaningful because of
their small extent, homogenous geological units are seldom ob-
tained if only based on the stratigraphic scale, the exceptions in the
Walloon region being the Tournaisian Stage. Tournaisian and
Visean are also the only cases for which proceeding the division of
data down to the level of geological Age/Stage proves to be useful.
For the other geological units, the Epoch/Series level appears to be
the most appropriate geological division for treating the radon risk.
The Period/System level can be used when the geographical extent
or the availability of measurements is limited.
For a few units, the lack of homogeneity is the result of the
higher radon risk in small islands scattered in the Southern part of
the region (South of the Sambre-Meuse line), whereas the main
area of the units in the Northern part is reasonably homogenous.
This is the case of Upper Cretaceous and Namurian-Westphalian,
and also for Tertiary as a whole.
The other Paleozoic units all show strong differences between
the different massifs or geographical regions. In several cases, a
geographical division of the Epoch/Series (or even the Period/Sys-
tem) results in more or less homogenous units:
- Cambrian of the Stavelot massif
- Cambrian of the Rocroi massifTable 16
The 35 geological units deﬁned in the present work. GM ¼ geometrical mean in Bq/m3 fo
correction for the time variability of ST data.
GU code Geological Unit
TER Tertiary
TSE Oligocene S of Sambre-Meuse
CRE Upper Cretaceous
CHO Cretaceous in the Stavelot massif
JUR Lower Jurassic
TRI Triassic
PER Permian
HSM Namurian/Westphalian main group
HCO Namurian/Westphalian of Condroz
VNO Visean N of Sambre-Meuse
VCO Visean of Condroz
TOU Tournaisian
DUF Upper Devonian of Fagne-Famenne
DUC Upper Devonian of Condroz and E of Meuse
DUL Upper Devonian of Condroz, province of Liege
DUB Upper Devonian of the Brabant massif
DMF Middle Devonian of Fagne-Famenne
DMC Middle Devonian of Condroz
DMB Middle Devonian of the Brabant massif
DLS Lower Devonian NW of the Stavelot massif
DLR Lower Devonian of the Rocroi massif
DLA Lower Devonian of the Ardenne massif
DLC Lower Devonian of Condroz
SCO Silurian of Condroz
SBR Silurian of the Brabant massif
SME Hot spot in Silurian of Brabant
OST Ordovician of the Stavelot massif
OCO Ordovician of Condroz
OBR Ordovician of the Brabant massif
ODY Hot spot in Ordovician of Brabant
CST Cambrian of the Stavelot massif
CRO Cambrian of the Rocroi massif
CUB Hot spot in Upper Cambrian of Brabant
CLM Lower-Middle Cambrian of the Brabant massif
CCM Hot spot in Lower-Middle Cambrian of Brabant
a GSD ¼ exp
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
NSTþNLT ðNST  s2STcorr þ NLT  s2LTÞ
q 
, where s is the logarithmic standard
due to a contribution not depending on geology but on the exposition time, sST2 z sLT2 þ sD2
and sLT, the sST can be corrected: sSTcorr2 z sLT2  sDt2 (Cinelli et al., 2010).- Ordovician of Condroz
- Lower Devonian of the Ardenne massif
- Lower Devonian of the Rocroi massif
- Lower Devonian of Condroz
- Lower Devonian NW of the Stavelot massif
- Upper Devonian of the Brabant massif
- Upper Devonian of Fagne-Famenne.
Upper Cambian of Brabant, Middle Devonian of Brabant, and
Silurian of Condroz are too small to allow a meaningful discussion
of their homogeneity.
Even after the geographical division, some units remain
moderately inhomogeneous for radon, with for some of them a
systematic trend of the variations of the GM:
- Lower Jurassic of Gaume (increasing GM from NE to SW),
- Middle Devonian of Condroz (increasing GM from W to E),
- Middle Devonian of Fagne-Famenne (minimal GM near the
Meuse, increasing to W and E),
- Ordovician of the Stavelot massif (increasing from NW to SE),
and other show strong local inhomogeneities:
- Lower-Middle Cambrian of the Brabant massif
- Ordovician of the Brabant massif
- Silurian of the Brabant massifr the combined LT and ST data; GSD ¼ geometrical average standard deviation with
Remark GM GSDa
Except TSE 47 1.96
65 2.09
Except CHO 49 1.91
LT data only 72 3.50
Inhomogeneous 62 1.80
91 1.84
67 1.82
Except HCO 52 2.07
few data 74
strongly inhomogeneous 65 2.63
strongly inhomogeneous 101 2.35
66 2.43
57 1.99
DUL excepted 69 2.23
93 2.03
46 2.24
inhomogeneous 87 2.24
inhomogeneous 69 2.17
48 2.16
98 2.30
99 2.53
143 2.52
57 1.82
85 1.68
SME excepted 41 2.47
123 4.52
inhomogeneous 122 2.37
52 1.97
ODY excepted 59 2.00
123 3.05
131 2.81
65 2.13
118 3.47
CCM excepted 48 1.72
87 2.51
deviation and N the number of data. Assuming that the high variability of ST data is
t, and calculating the time variability using the correlation between the square of sST
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- Visean of Condroz.
From Cambrian to Silurian in the Brabant massif, the in-
homogeneities are hot spots, with rather well-deﬁned limits,
probably related to local structural/tectonic settings. They can be
treated as separate GUs, leaving homogenous groups for the rest. In
Visean, the strong inhomogeneities might be related to karst and/or
uranium anomalies like the ones observed in Upper Visean, but
these anomalies are not documented well enough to draw limits
between high risk and low risk areas. We thus ﬁnish with 35 GUs,
summarised in Table 16. The variations of the geometrical average
standard deviation (GSD) between the GUs, which can be seen in
Table 16, are not the subject of the present paper and will be dis-
cussed in another article.
Since lithology changes often and sometimes abruptly within
the geological stratigraphic classiﬁcation, this parameter was not
treated separately for the classiﬁcation in geological units for radon.
In several cases (Famennian vs. Frasnian, Cretaceous vs. Tertiary,
Lutetian vs. Ypresian), the radon risk does not change signiﬁcantly
despite different lithologies. But in other cases (Cambrian, Middle
Devonian), the lithological variances do explain the observed
variance in radon risk. On the contrary, for Visean vs. Tournaisian, a
signiﬁcant variation of the radon risk is observed despite a very
similar lithology, suggesting that lithology on itself is not always a
determining factor for radon risk. The other factors suggested, but
not demonstrated by our results, are the local tectonics, the varia-
tions of the metamorphic grade, and possible uranium minerali-
sation in calcareous rocks.
The usefulness of the division of the data in GUs can be quan-
titatively evaluated by the fraction of the variance which can be
ascribed to geology with this division, in other words the reduction
of the variance which is obtained by subtracting the deterministic
part associated to geology for each GU. The ANOVA analysis of the
data was performed with STATISTICA code (STATISTICA 7), giving
17.7% for LT data and 15.4% for ST data (Table 17). This result is
comparable to those obtained on the average in UK (Appleton and
Miles, 2010), and higher than the Austrian result (Bossew et al.,
2008). The lower percentage obtained for ST data is expected, as
the variance of ST data includes a signiﬁcant contribution of the
time variability (Cinelli et al., 2010). The lower percentage for
Austria is presumably due partially to the fact that the database
includes short-term data.
This percentage is by no means a clear and stable measurement
of the inﬂuence of geology on indoor radon in the region under
scrutiny, because it depends on how well the geological diversity
is reﬂected in the sampling, and on the choice of the geological
classes. For example, adopting for the Walloon region the coarser
geological classiﬁcation proposed in Tondeur and Cinelli (2012),
the LT and ST percentages are reduced to 14.6% and 13.0%
respectively.5. Conclusion
In southern Belgium (Wallonia), outcropping geological units
range from the Cambrian to the Quaternary Period (System). InTable 17
Percentage of the variation of log (Rn concentration) explained by geology
(bedrock).
Region/Country Scotland England &
Wales
N
Ireland
Austria Wallonia
LT
Wallonia
ST
Percentage 17.3% 24.6% 10.5% 11.2% 17.7% 15.4%order to classify the geological units with respect to their po-
tential radon risk, the current study shows that in general, the
stratigraphic Period/System or Epoch/Series is the most appro-
priate geological division for radon risk mapping, with some-
times a ﬁner division in Age/Stage. In Belgium, a second division
according to the geographical region or massif is nearly always
necessary for obtaining geological units with a reasonable degree
of uniformity for the radon risk, due to the local variations in
depositional, deformational and tectonic histories. Even so, most
geological units remain somehow inhomogeneous regarding
these aspects, and in several of these units, mapping the varia-
tions of the radon risk within the unit remains necessary for
producing an accurate map. However, in many other cases,
treating the System or Series divided by massif or region as ho-
mogenous units gives a satisfactory but nevertheless rough pre-
diction of the radon risk.
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